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Fatty acid bioaccessibility and structural
breakdown from in vitro digestion of almond
particles†
Clay Swackhamer, a Zhichao Zhang,b Ameer Y. Tahab and Gail M. Bornhorst *a,b,c
Previous studies have shown that the size of almond particles inﬂuences lipid bioaccessibility during
digestion. However, the extent of structural breakdown of almond particles during gastric digestion and
its impact on lipid bioaccessibility is unclear. In this study, in vitro digestion of almond particles was con-
ducted using a dynamic model (Human Gastric Simulator) and a static model (shaking water bath).
Structural breakdown of particles during the gastric phase occurred only in the Human Gastric Simulator,
as evidenced by a reduction in particle size (15.89 ± 0.68 mm2 to 12.19 ± 1.29 mm2, p < 0.05). Fatty acid
bioaccessibility at the end of the gastric phase was greater in the Human Gastric Simulator than in the
shaking water bath (6.55 ± 0.85% vs. 4.54 ± 0.36%, p < 0.01). Results showed that the in vitro model of
digestion which included peristaltic contractions (Human Gastric Simulator) led to breakdown of almond
particles during gastric digestion which increased fatty acid bioaccessibility.
Introduction
Almonds have high lipid content (44–61 g per 100 g whole
almond).1 However, previous studies have shown that the
bioaccessibility of lipids from almond particles is limited by
encapsulation within intact almond cells, which resist degra-
dation in the human digestive system.2–5 In accordance with
previous researchers, bioaccessibility was defined in this study
as the proportion of lipid released from the almond matrix
into the aqueous digestive environment.6,7 Understanding the
factors that influence bioaccessibility of lipids during diges-
tion of almonds has implications for clinical nutrition in view
of studies showing that the limited bioaccessibility of lipids
from almonds reduces postprandial lipemia8 and metaboliz-
able energy.9,10 Limited lipid bioaccessibility from almonds
and other nuts has also been linked to improved metabolic
markers in type 2 diabetes,11 cardiovascular disease,12,13 and
obesity.14
Previous studies have investigated the digestion of almonds
using both in vitro2,3,5,15 and in vivo8–10,16–19 methods, and it
has been observed that smaller particles led to higher lipid
bioaccessibility than larger particles.2,3,19 Additionally,
researchers have reported size reduction of peanut particles
during in vitro gastric digestion in a model that simulated the
motility of the human stomach.20 The relationship between
particle size and fatty acid bioaccessibility in the human diges-
tive system has been described using a mathematical model,6
but an assumption was that particle size was constant through-
out the digestion. Size reduction of almond particles during
gastric digestion has been observed in studies using the
growing pig as a model for the adult human, but was not
directly linked to lipid bioaccessibility.21–23 This points to the
need for more data on the breakdown of almond particles
during digestion to clarify the relationship between particle
breakdown and lipid bioaccessibility. However, static in vitro
models of human digestion do not reproduce the peristaltic
motion of the stomach24 and thus may not lead to particle
breakdown as it occurs in vivo. Thus, an in vitro model of
gastric digestion that included peristaltic contractions, the
Human Gastric Simulator (HGS), was used to assess whether
peristaltic motion contributed to particle breakdown and lipid
bioaccessibility during simulated gastric digestion.
Briefly, the HGS includes a flexible plastic liner which holds
the food and simulated gastric juice. Simulated peristaltic con-
tractions are applied to the HGS using rollers, and temperature
and pH can be controlled to appropriately simulate the con-
ditions inside the human stomach. An in-depth comparison of
the HGS with other dynamic, in vitro models of human diges-
tion has been described in a recent review.25 A similar in vitro
model is the Dynamic Gastric Model, which was used by pre-
vious researchers for in vitro digestion of almond particles.15
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This model includes simulated peristaltic waves, which are
applied by water pressure, in addition to pH and temperature
control. Another previously reported in vitro model of human
digestion is the TIM model,26,27 which also includes simulated
peristaltic contractions applied by water pressure. Previous
researchers also used a dynamic in vitro model of gastric diges-
tion to show that peanut particles experienced size reduction
during simulated gastric digestion.20 This model consists of a
ball-shaped probe, actuated by a texture analyzer, which was
used to gently mix the contents of a vessel containing the food
subjected to in vitro digestion.20
The objective of this study was to determine whether diges-
tion of almond particles using an in vitro model with peristal-
tic contractions (HGS) led to particle breakdown and whether
this aﬀected fatty acid bioaccessibility. This was investigated
using in vitro digestion of almond particles in either the HGS
or a shaking water bath using identical simulated digestive
juices. The second objective of the study was to determine the
eﬀect of simulated gastric and intestinal juices on the bioac-
cessibility of fatty acids from almond particles. This was done
by digesting almond particles in a shaking water bath model
using simulated gastric and intestinal juices or with only
pH-adjusted water. Identifying the factors that aﬀect fatty acid
bioaccessibility could have implications for design of appropri-
ate models for simulating human digestion and could assist in
the development of functional foods for targeted fatty acid
bioaccessibility.
Materials and methods
Raw materials
Whole, raw nonpareil almonds were generously donated by the
Almond Board of California. Almonds had size of 22.69 ±
1.13 mm, 12.72 ± 0.43 mm, 7.82 ± 0.62 mm (length ± std,
width ± std, height ± std, n = 20 almonds were subjected to
measurement with a digital caliper). Almonds were prepared
for in vitro digestions by grinding in a food processor (Black &
Decker FP2500B, Towson MD). Particles between 2 mm and
4 mm in size were obtained by sieving (WS Tyler, Mentor OH).
This size range was chosen to approximate the size of almond
particles in a masticated bolus at the point of swallow.28,29 The
resulting almond particles, of a size similar to those from mas-
tication in vivo, were then used for in vitro digestions. Almond
particles produced using the food processor were prepared
fresh each day before conducting in vitro digestions.
Digestive juice formulation
Digestive juices were prepared using a previously described
method30,31 (Table 1). Water used for digestive juices was
obtained from a Milli-Q Water Purification System (Merck
Millipore, Billerica, MA, USA). Saliva has been found to be
important for the in vitro digestion of starchy foods due to the
prevalence of salivary α-amylase, however, almonds have little
to no starch content.1,32 Saliva was not used in this study in
accordance with previous in vitro digestion research on
almond particles.2,3 Enzymes were added to simulated gastric
and intestinal juices to reflect their activity in vivo, as identi-
fied by the INFOGEST international consensus protocol33
(Table 1). Amano Lipase A was used due to its resistance to
pepsin34,35 and for agreement with previous in vitro digestion
research.36,37 However, it is acknowledged that the stereospeci-
ficity of this lipase is not well described,35 which could aﬀect
the results of fatty acid bioaccessibility.
Shaking water bath model
Shaking water bath model with simulated gastric and intes-
tinal juices. Digestions in the shaking water bath were con-
ducted by adding simulated gastric juice (Table 1, prewarmed
to 37 °C) to almond particles in a ratio of 5 mL simulated
gastric juice to 1 g almond particles. After adding simulated
gastric juice, the pH was recorded (Accumet AE150, Thermo-
Fisher, Waltham, MA), and the bottle containing almond par-
ticles and simulated gastric juice was placed in a shaking
water bath (Thermo-Fisher 2872, Waltham, MA) at 37 °C and
100 rpm. After 60 min elapsed time, the pH was adjusted to
3 ± 0.1 and after 120 min to 2 ± 0.1 to simulate the dynamic
pH profile in the human stomach after consumption of a
meal.35,38 After 180 min, the intestinal phase was initiated by
adding simulated intestinal juice (Table 1, prewarmed to
37 °C) in a 1 : 1 (v/v) ratio with the simulated gastric juice that
Table 1 Composition of simulated digestive juices30,31,33
Component Supplier
Concentration in
simulated digestive
juice (mg mL−1)
Activity in simulated
digestive juice
Simulated gastric juice
(pH = 1.8)
Pepsin (300 U mg−1) MP Biomedicals CAS: 9001-75-6 6.67 2000 U mL−1
Gastric mucin
(porcine stomach – Type II)
Sigma-Aldrich CAS: 84082-64-4 1.50 —
Amano Lipase A
(120 000 U g−1)
Sigma-Aldrich CAS: 9001-62-1 3.33 40 U mL−1
NaCl Fisher Scientific CAS: 7647-14-5 8.78 —
Simulated intestinal juice
(pH = 7)
Pancreatin (8X USP) Sigma-Aldrich CAS: 8049-47-6 9.60 100 TAME units per mL
(for trypsin)
Bile extract Sigma-Aldrich CAS: 8008-63-7 10.00 —
NaHCO3 Sigma-Aldrich CAS: 144-55-8 16.80 —
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was added to begin the gastric phase, and pH was adjusted to
7 ± 0.1. After 60 min simulated intestinal digestion (240 min
total), pH was readjusted to 7 ± 0.1. After 120 min simulated
intestinal digestion (300 min total) pH was again adjusted to
7 ± 0.1. All pH adjustments were made using 3 M HCl or 3 M
NaOH. This pH adjustment protocol was used to resemble the
pH in the digestive system after consumption of a meal of
almonds in vivo.39
Samples were collected for analysis at 8 timepoints (gastric:
1, 5, 15, 30, 180 min, intestinal: 185, 195, 360 min total time).
For any timepoint, the entire contents of the bottle in the
shaking water bath were collected for analysis (Fig. 1). The
digesta was collected by pouring through a kitchen sieve (aper-
ture size ∼0.5 mm) to separate the solid phase (almond par-
ticles) from the liquid phase. All digestions were completed in
triplicate.
Shaking water bath model with only pH-adjusted water.
Digestions were also conducted in the shaking water bath
model using only pH-adjusted water. The gastric phase was
initiated by adding water (pH = 1.8 ± 0.1) to almond particles
in a ratio of 5 mL acidified water to 1 g almond particles. At
the end of the gastric phase, water (pH = 7 ± 0.1) was added in
a 1 : 1 (v/v) ratio with the acidified water that had been added
to begin the gastric phase. Adjustments of pH and sample col-
lection were conducted as described previously.
Human gastric simulator model using simulated digestive
juices
The Human Gastric Simulator (HGS) is a single-chamber
model of human gastric digestion that simulates peristaltic
contractions using mechanical rollers on a flexible plastic liner
containing food and simulated gastric juice.25,40 Digestions in
the HGS were conducted by adding simulated gastric juice to
almond particles in the same ratio as was used for the shaking
water bath. During the gastric phase, the contents of the HGS
were subjected to peristaltic contractions at a frequency of 3
contractions per minute.41 As the HGS was used to test the
impact of peristaltic motion on the breakdown of almond par-
ticles in comparison to the shaking water bath model, no
secretions were added during the digestion to keep the ratio of
solid particles to simulated gastric juice constant for both
models. At the end of the gastric phase the contents of the
HGS were transferred to a bottle, simulated intestinal juice
was added in a 1 : 1 (v/v) ratio with the simulated gastric juice
that was added to begin the gastric phase, and the bottle was
transferred to the shaking water bath at 37 °C. The pH in the
HGS was adjusted in the same way as for digestions using the
shaking water bath. Sampling was conducted by removing the
entire contents of the HGS bag (during the gastric phase) or
bottle (during the intestinal phase). Solid and liquid phases
were separated by sieving in the same way as was done for
digestions using the shaking water bath. Each aliquot of
almond particles subjected to in vitro digestion in the HGS was
∼60 g, and each aliquot used for in vitro digestion in the
shaking water bath was ∼15 g.
Analysis of liquid phase
After separation of solid and liquid phases by sieving, the
liquid phase was homogenized for one minute at 10 000 rpm
(Ultra Turrax T18 digital with S18N-19G disperser, IKA Works,
Wilmington, NC). °Brix of the homogenized liquid phase was
measured in triplicate using a digital refractometer (HI 96800,
Hanna Instruments, Woonsocket, RI), and expressed as the
measured value minus the °Brix of the appropriate blank
simulated digestive juice. Remaining homogenized digesta
was promptly frozen at −20 °C and stored until fatty acid ana-
lysis could be completed (less than one month). It has been
found that storage of lipids from foods at this temperature for
short periods of time does not lead to significant fatty acid
oxidation.42,43 No antioxidant was added to the samples
during short-term storage, in accordance with previous
research on the bioaccessibility of fatty acids from almonds.2
Fig. 1 The gastric phase of digestion was conducted in either the Human Gastric Simulator (HGS) or a shaking water bath. After the gastric phase,
the intestinal digestion was always conducted in the shaking water bath. All digestions were conducted at 37 °C.
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Although a small amount of fatty acids could have been lost
during storage or sample preparation through formation of
oxidized products, previous researchers have determined that
there was no statistically significant increase in markers of
lipid oxidation during storage of food samples at −20 °C for
less than one month.44
Fatty acid extraction and preparation. Fatty acids were
extracted from liquid digesta and analyzed using gas chromato-
graphy with flame ionization detection (GC-FID). The objective
was to determine the amount of fatty acids that had left the
almond matrix and entered the liquid phase, as a percentage of
those initially present in the almonds. Fatty acids were extracted
from liquid digesta using the Folch method, a standard method
for extraction of total lipids from foods and digesta.45–47 Briefly,
0.5 mL of homogenized digesta was combined with 2 mL of a
2 : 1 chloroform :methanol (v/v) solution containing triheptade-
canoin internal standard (Nu-Chek Inc., Elysian MN). The
mixture was vortexed and then centrifuged at 458g for 10 min
(Allegra 6 centrifuge with GH-3.8A rotor, Beckman Coulter, Palo
Alto CA). The chloroform layer was transferred to a new test
tube. The extraction was repeated a second time and the chloro-
form layers were combined and then evaporated under nitrogen
(Reacti-Vap TS-18826, Thermo-Fisher, Waltham, MA). Dried
extracts were reconstituted using 400 μL toluene, 3 mL methanol
and 600 μL of a 3% HCl in methanol (v/v) solution, and vortexed.
The 3% methanolic HCl solution was prepared by diluting a
37% HCl solution (ACS reagent, 37%, Sigma-Aldrich, St. Louis,
MO, USA; Cat #320331) to 8% in methanol. Samples were placed
in a heating block at 90 °C for 60 min for transesterification,
obtaining fatty acid methyl esters. After cooling, 1 mL deionized
water and 1 mL hexane were added and vortexed. After allowing
15 min for phase separation, the hexane layer was transferred to
a microcentrifuge tube containing 450 μL deionized water which
was centrifuged at 16 627g for 2 min at 4 °C (5430R Eppendorf
micro-centrifuge with FA-45-24-11 rotor, Fisher Scientific,
Waltham MA). After centrifuging, the hexane layer was trans-
ferred to a new microcentrifuge tube, evaporated under nitrogen,
and reconstituted in 100 μL hexane for analysis using GC-FID.
GC-FID analysis of fatty acids. Samples were run on a
PerkinElmer Clarus 500 GC system (PerkinElmer, Shelton, CT)
with a FFAP column (30 m × 0.25 mm inner diameter, 0.25 μm
film thickness; Agilent Technologies, Santa Clara, CA) and
flame ionization detector sampling at 1.25 Hz. The injector
temperature was 240 °C and the detector temperature was
300 °C. The oven temperature was held at 80 °C for 2 min,
then increased by 10 °C per min to 185 °C at the time of injec-
tion, and then increased to 240 °C at 5 °C min−1 and held at
240 °C for 13 min. Total run time was 36.5 minutes. The
carrier gas was helium at a flow rate of 1.3 mL min−1. The
injection volume was 1 μL and the split ratio was 10 : 1. A
mixture containing 29 fatty acid methyl ester standards was
run separately from the experimental samples and used to
identify individual fatty acids based on their retention times.48
Fatty acid concentrations in the liquid digesta were determined
by comparison of peak areas to the peak from the triheptade-
canoin internal standard. Fatty acid analysis was also per-
formed on samples of simulated gastric and intestinal juice,
and the fatty acid content of experimental samples of almond
digesta was adjusted by subtraction of the appropriate blank.
Total bioaccessible fatty acid in the digesta was defined as the
sum of palmitic acid (C16:0), oleic acid (C18:1), and linoleic
acid (C18:2) extracted from 0.5 mL digesta, multiplied by the
total volume of digesta that was collected. It was determined
that these three fatty acids constituted >98% of the total fatty
acid content of the whole almonds, which is in agreement
with a previous analysis of California-grown almonds.32
Analysis of solid phase
After collection of a digestion timepoint and separation of
solid and liquid phases by sieving, solid almond particles were
drained on the sieve for 15 min. For each timepoint, 5 aliquots
of digested particles were randomly selected from the drained
solids and used for moisture content analysis. Moisture
content was determined gravimetrically using AOAC Oﬃcial
Method 925.4061 by drying at 110 °C to constant weight.
Remaining almond particles were used for particle size ana-
lysis as well as for Scanning Electron Microscopy.
Particle size analysis. The initial size of almond particles sub-
jected to in vitro digestion was controlled (2 mm–4 mm), thus,
the objective of the particle size analysis was to quantify size
reduction of particles that occurred during simulated gastric or
intestinal digestion. An image analysis procedure developed by
previous researchers to quantify the size distribution of frac-
tured almond particles was used in this study to measure the
size of almond particles.9 Minor modifications were made to
adapt the image analysis procedure for this study. Briefly, 6 g
almond particles were arranged onto Petri dishes to prevent
overlap. Petri dishes were illuminated from beneath using a
lightbox (AGPtek HL0163, color temperature 6000°K). A geo-
metrical reference (ABFO no. 2 photomacrographic standard
reference scale) was included in all images for spatial cali-
bration. One image of each dish was captured using a Canon
EOS Rebel SL1 digital camera (18-megapixel, APS-C CMOS
sensor, Canon USA, San Jose, CA). The camera settings were: no
flash, 35 mm focal length, aperture F8.0, ISO 100, and shutter
speed 0.1 second, 47 mm distance to the particles. The camera
was triggered using a computer interface to reduce disturbances
in focus. Images were analyzed using MATLAB R2018b
(MathWorks, Natick MA). The number of particles per gram of
dry solids was defined as the number of particles that were
enumerated during image analysis divided by the dry mass of
particles subjected to image analysis (3.68 ± 0.62 g). Particle size
analysis was conducted by fitting the cumulative area percen-
tage of the particles to the Rosin–Rammler model (eqn (1)).
Carea ¼ 1 exp  xx50
 b
lnð2Þ
 !
ð1Þ
where: Carea is cumulative area percentage of each particle (0%
to 100%), x50 = median particle area (mm
2), and b is the distri-
bution breadth constant (dimensionless), where larger b
values represent a narrower distribution spread. This model
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has previously been used to describe the size of solid food par-
ticles as determined by image analysis.9,22
Scanning electron microscopy. Scanning electron
microscopy (SEM) was conducted on almond particles digested
for 180 minutes in the HGS as well as undigested almond par-
ticles as a control. Images were obtained using a previously
described method.49,50 Briefly, almond particles were mounted
on double-sided carbon tape and sputter coated in gold.
Micrographs were obtained using a scanning electron micro-
scope (Quattro S, Thermo-Fisher, Waltham, MA) in high
vacuum mode with acceleration voltage of 5 kV.
Almond composition
The fatty acid content of whole almonds was determined using
Folch extraction as well as by direct acid extraction. For both
methods almonds were ground in a mortar and pestle. Folch
extraction was conducted on 10 mg almond powder as pre-
viously described. Direct acid extraction was carried out on
10 mg almond powder by adding 3 mL 3% HCl in methanol,
prepared as described previously, then following the rest of the
steps described previously starting with addition of 400 μL
toluene. Composition data from direct acid extraction and
Folch extraction are shown in ESI Table 1.† It was determined
that direct acid extraction yielded more fatty acid and was
therefore used to establish the initial fatty acid content of
almonds. Fatty acid bioaccessibility at diﬀerent timepoints
during the digestion was expressed by dividing total fatty acid
in the liquid digesta (g bioaccessible fatty acid) by the fatty
acid in the undigested almonds (g initial fatty acid).
Statistical analysis
Statistical analysis was conducted using SAS Enterprise Guide
7.1 (SAS Institute, Cary NC). Two factor analysis of variance
(ANOVA) was used to determine the influence of digestion
model (HGS, shaking water bath-gastric fluids, or shaking
water bath-only pH adjusted water), digestion time (1, 5, 15,
30, 180, 185, 195, or 360 min) and their interaction on fatty
acid bioaccessibility, Rosin–Rammler x50, Rosin–Rammler b,
particles per gram of dry solids, moisture content of digesta,
and °Brix of digesta. Homogeneity of variance was assessed
using the Brown–Forsythe test, and normality of the residuals
was assessed using a qq plot. Remediation was necessary for °
Brix and particles per gram of dry solids and was conducted
using the Box–Cox transformation (lambda values 0.33 and
−1.83, respectively). When the F value for the overall model
was found to be significant (p < 0.05), post-hoc tests were con-
ducted using Tukey’s HSD and significance was detected for
p < 0.05. All results are presented as mean ± standard
deviation.
Results
Fatty acid bioaccessibility
Total bioaccessible fatty acid (%) was significantly influenced
by digestion model, digestion time, and their interaction
(p < 0.01, Fig. 2). Within each model, total bioaccessible fatty
acid (%) significantly increased over time (p < 0.01). After the
end of the gastric phase (180 min) the total fatty acid bioacces-
sibility was greater in the HGS (6.55 ± 0.85%) than in the
shaking water bath model with gastric juice (4.54 ± 0.36%),
p < 0.05. However, total fatty acid bioaccessibility at the end of
the gastric phase in the shaking water bath model with gastric
juice (4.54 ± 0.36%) was not significantly diﬀerent than in the
shaking water bath model with only pH adjusted water (4.38 ±
0.37%), p > 0.05. Thus, total fatty acid bioaccessibility at the
end of the gastric phase was significantly higher in the model
with peristaltic motion (HGS) than in the models that lacked
peristaltic motion (shaking water bath model with gastric
juice, shaking water bath model with only pH adjusted water).
After the end of the simulated gastric and intestinal diges-
tion, total fatty acid bioaccessibility was not significantly
diﬀerent in the HGS (8.88 ± 0.36%) than in the shaking
water bath model with gastric juices (7.87 ± 0.49%), p > 0.05.
However, total fatty acid bioaccessibility in the HGS as well as
the shaking water bath model with gastric juices were both sig-
nificantly higher than fatty acid bioaccessibility in the shaking
water bath model with only pH adjusted water (5.15 ± 0.17%),
p < 0.05. Thus, at the end of the intestinal phase total fatty
acid bioaccessibility was significantly higher in the models
with simulated gastric and intestinal juices (HGS and shaking
water bath model with gastric and intestinal juices) than in
the model with only pH adjusted water (shaking water bath
model with only pH adjusted water).
The percent bioaccessibility of individual fatty acids (C16:0,
C18:1, C18:2, Table 2) was significantly influenced by the
digestion model, digestion time, and their interaction (p <
0.01). The percent bioaccessibility of each individual fatty acid
increased with time in all three digestion models (p < 0.01,
Fig. 2 Total percent fatty acid bioaccessibility in the Human Gastric
Simulator (●), shaking water bath (▲), and shaking water bath with only
pH-adjusted water (■) models. All points represent the mean (n = 3) ±
standard deviation.
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Table 2). There were no significant diﬀerences between the
percent bioaccessibility of individual fatty acids (C16:0, C18:1,
and C18:2) at any timepoint within the same model. For
example, the bioaccessibility of the three fatty acids (C16:0,
C18:1, C18:2) in the HGS at the end of the gastric phase
(180 min) were 6.38 ± 0.83%, 6.30 ± 0.82%, and 7.44 ± 0.94%,
respectively, and there were no significant diﬀerences between
them (p > 0.05). By the end of the gastric and intestinal phase
(360 min) the bioaccessibility of all three fatty acids had
increased (8.78 ± 0.37%, 8.60 ± 0.38%, and 9.86 ± 0.32%) but
there were still no significant diﬀerences between them.
However, there were significant diﬀerences between the bioac-
cessibility of fatty acids at certain timepoints between models.
For example, at the end of the gastric phase (180 min) the bioac-
cessibility of C18:1 was 6.30 ± 0.82%, in the HGS, which was sig-
nificantly higher than both the shaking water bath model with
gastric juice (4.37 ± 0.34%) and the shaking water bath model
with only pH-adjusted water (4.21 ± 0.36%) (p < 0.05) (Table 2).
The total lipid content of almonds includes triacylglycerols,
phospholipids, and minor contributions of other lipid species
such as phytosterols. However, previous researchers have
stated that the fat content of almonds is predominantly com-
prised of esterified fatty acids in the form of triacylglycerols,1
therefore the total bioaccessibility of fatty acids as reflected in
Fig. 2 closely reflects the bioaccessibility of total fat.
Specifically, it has been determined by previous workers that
the combination of oleic and linoleic acid comprises approxi-
mately 90% of total fat in almonds.51 The compositional data
gathered in this study showed that extractable fatty acid com-
prised 58.76 ± 2.44% of initial almond dry mass (ESI Table 1†).
Previous researchers have determined the total fat content of
California-grown almonds to be in the range of 54–56%,51
which is close to the value of percentage of fatty acids found in
this study, suggesting that the total fat content of almonds is
primarily represented by fatty acids.
Particle breakdown
The Rosin–Rammler model provided a satisfactory fit to the
cumulative distribution of particles, with the R2 value for the
fit at each timepoint ≥0.99. x50 (mm2) was significantly influ-
enced (p < 0.05) by digestion model, digestion time, and their
interaction (Table 3). To correct for minor diﬀerences in the
value of x50 for the initial almond particles used for diﬀerent
digestion timepoints, particle size was also expressed as Δx50,
the change in particle size from initial (undigested) particles
to digested particles. Δx50 was significantly influenced by
digestion model, digestion time, and their interaction (p <
0.05, Fig. 3). There was a significant decrease in particle size
during gastric digestion (15.9 mm2 to 12.2 mm2, p < 0.05) but
only in the HGS. There were no statistically significant diﬀer-
ences between the sizes of the initial (undigested) particles
used for any of the three digestion models.
The particle size distribution spread parameter b (dimen-
sionless) was significantly influenced by digestion model,
digestion time, and their interaction (p < 0.01, Table 3). Values
of b decreased in the HGS, indicating that the distribution ofTa
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particles became broader as time elapsed. For example, the
value of b decreased from 2.72 ± 0.10 for undigested particles
to 2.00 ± 0.14 for particles at the end of the gastric phase
(p < 0.01). There were no statistically significant diﬀerences
between the b values of the initial (undigested) particles used
for any of the three digestion models.
The number of particles per gram of dry solids was signifi-
cantly influenced by digestion model, digestion time, and
their interaction (p < 0.01, Table 3). In the HGS, the number of
particles per gram increased during digestion, with 60.1 ± 1.3
particles per gram dry solids after one minute of digestion and
216.2 ± 47 particles per gram of dry solids after gastric and
intestinal digestion (p < 0.05). After 30 min digestion time the
number of particles per gram dry solids was significantly
higher in the HGS (88.4 ± 15.8) than in the shaking water bath
model with gastric juice (61.1 ± 1.5) or the shaking water bath
model with only pH-adjusted water (68.5 ± 7.5), p < 0.05. For
all timepoints after 30 min the number of particles per gram
dry solids was highest in the HGS, and there were no signifi-
cant diﬀerences between the number of particles per gram dry
solids between the two shaking water bath models. There were
no statistically significant diﬀerences between the particles per
gram of dry solids values of the initial (undigested) particles
used for any of the three digestion models. Overall, the HGS
was the only model that experienced a significant decrease in
particle size as represented by Rosin–Rammler x50 as well as a
significant increase in the number of particles per gram dry
solids.
Brix of liquid phase and moisture content of solid phase
°Brix of the liquid digesta was significantly influenced by
digestion model, digestion time, and their interaction
(p < 0.01, Table 4). Within each model, °Brix was significantlyTa
b
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Fig. 3 Change in Rosin–Rammler x50 (eqn (1)) at each timepoint from
x50 of the initial almond particles subjected to in vitro digestion shown
for Human Gastric Simulator (●), shaking water bath (▲), and shaking
water bath with only pH-adjusted water (■) models. All points represent
the mean (n = 3) ± standard deviation.
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influenced by time (p < 0.01). For example, in the HGS °Brix
increased from 0.40 ± 0.06 at the 1 min timepoint to 3.05 ±
0.06 at the end of the gastric phase (180 min), and 3.21 ± 0.00
at the end of the gastric and intestinal digestion (360 min).
Moisture content (% dry basis) of the solid particles was
significantly influenced by digestion model and digestion time
(p < 0.01, Table 4) but not their interaction (p > 0.05). Within
each model, moisture content significantly increased over time
(p < 0.01). For example, moisture content (percent dry basis)
in the HGS increased from 30.72 ± 4.94 after 1 minute of diges-
tion to 91.47 ± 1.21 after the complete gastric and intestinal
digestion.
The pH was recorded and adjusted in each model according
to the method described previously, and the measured values
are shown in ESI Table 2.†
Scanning electron microscopy images
Images of almond particles obtained using Scanning Electron
Microscopy (SEM) are shown in Fig. 4. The particle that was
digested in the HGS (Fig. 4A) showed that almond cells located
on the surface of the particle had ruptured cell walls. The
undigested particle (Fig. 4B) showed lipid bodies adhering to
the surface of the particle.
Discussion
Fatty acid bioaccessibility increased with time in both the HGS
and shaking water bath models. However, fatty acid bioaccessi-
bility at the end of the gastric phase (180 min) was greater for
particles digested in the HGS (6.5%) than for those digested in
the shaking water bath (4.5%), p < 0.05. The fatty acid bioac-
cessibility measured in the current study can be compared to
the results of previous in vitro digestions of almonds.
Mandalari et al., (2008)3 conducted in vitro digestion of
almond cubes of size 2 mm, which were similar in size to the
smallest particles used in the current study. Thus, it was
hypothesized that fatty acid bioaccessibility found by
Mandalari et al., (2008), (7.6% at the end of simulated gastric
digestion) would be higher than the value in the current study.
This was supported by the data as the fatty acid bioaccessibility
at the end of gastric digestion was 6.5% in the HGS model and
Table 4 Moisture content of solid particles (g moisture per g dry matter) and °Brix of liquid digesta. All values are means (n = 3) ± standard devi-
ation. Values in each column with no letter in common (abc) represent signiﬁcant diﬀerences (p < 0.05) within a certain model across diﬀerent
digestion times. Values in each row with no letter in common (xyz) represent signiﬁcant diﬀerences (p < 0.05) at a certain digestion time across the
diﬀerent models. If no letter is listed, there were no signiﬁcant diﬀerences
°Brix Moisture content (g moisture per g dry matter)
Time
(min) HGS
Shaking
water bath
Shaking water bath with
only pH adjusted water HGS
Shaking
water bath
Shaking water bath with
only pH adjusted water
1 0.40 ± 0.06c 0.34 ± 0.03d 0.38 ± 0.07e 30.72 ± 4.94c,y 35.02 ± 1.60d,xy 42.69 ± 3.78c,x
5 0.57 ± 0.15c 0.50 ± 0.03c 0.53 ± 0.03e 37.78 ± 3.40c 40.40 ± 2.86d 45.57 ± 2.45c
15 1.20 ± 0.21b,x 1.09 ± 0.23b,xy 0.94 ± 0.05d,y 50.05 ± 4.17b,y 54.0 ± 1.66c,xy 61.61 ± 2.77b,x
30 1.41 ± 0.14b,x 1.33 ± 0.03b,x 1.06 ± 0.11cd,y 57.56 ± 3.40b,y 60.59 ± 6.20c,y 71.05 ± 4.24b,x
180 3.05 ± 0.06a,x 3.10 ± 0.13a,x 2.23 ± 0.04a,y 81.89 ± 6.50a,y 89.83 ± 2.62b,x 95.56 ± 6.27a,x
185 2.84 ± 0.11a,x 2.65 ± 0.08a,x 1.17 ± 0.21bcd,y 86.59 ± 3.23a,y 90.23 ± 0.95b,y 98.24 ± 6.47a,x
195 3.01 ± 0.07a,x 2.68 ± 0.07a,x 1.28 ± 0.11bc,y 90.23 ± 5.68a,y 99.18 ± 4.50ab,x 103.72 ± 3.91a,x
360 3.21 ± 0.00a,x 2.85 ± 0.03a,x 1.38 ± 0.04b,y 91.47 ± 1.21a,y 101.83 ± 1.98a,x 104.30 ± 2.31a,x
Fig. 4 SEM images of an almond particle that was either (A) digested in the HGS for 180 min; (B) undigested. Scale bars represent 100 μm.
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was 4.5% in the shaking water bath model with simulated
gastric juice. In another recent study it was found that 8.9% of
lipid was released from almond particles after mastication.52
This is slightly higher than the result from this study (6.5%
after gastric digestion in the HGS) which is likely due to the
size of almond particles (roughly 1–3 mm) in this previous
study, which was smaller than the size of particles in the
current study (2–4 mm).
After simulated gastric and intestinal digestion, Mandalari
et al., (2008) found fatty acid bioaccessibility of 9.9%. This was
slightly higher than the values of fatty acid bioaccessibility in
the current study after gastric and intestinal digestion (8.9% in
the HGS and 7.9% in the water bath model with simulated
gastric juice). The fatty acid bioaccessibility in the HGS was
closer to the results of Mandalari et al., (2008), and it is
hypothesized that this was due to the particle breakdown
which occurred in the HGS but not in the shaking water bath
model with simulated gastric juice. Although the initial size of
the particles in the HGS and the shaking water bath model
with simulated gastric juice were not significantly diﬀerent,
particle breakdown in the HGS eﬀectively made the particles
closer in size to those used by Mandalari et al., (2008).
There was a significant reduction in the size of almond par-
ticles during the gastric phase in the HGS, but an increase in
particle size over time for digestions in the shaking water bath.
The increase in particle size in the shaking water bath can be
attributed to moisture uptake by almond particles, which also
led to increased moisture content. Particle size in the HGS
increased from the initial (undigested) timepoint until the
5-minute timepoint, but then began to decrease. This suggests
that the magnitude of the particle size reduction in the HGS in
the first five minutes of digestion was oﬀset by the simul-
taneous eﬀect of particle swelling due to moisture uptake.
These results were similar to the results of Chen et al. who
conducted in vitro digestion of peanut particles and found an
increase in particle size during the first half hour of digestion,
followed by a reduction in particle size by the end of the first
hour.20 This supports the findings in the current study and
suggests that near the beginning of digestion the change in
particle size for nuts can be marked by an increase due to
swelling followed by a decrease due to particle breakdown at
later timepoints. These results are also supported by the con-
clusions of a recent study where microscopy was conducted on
fecal samples from digestion of natural almonds in vivo. In
this study, it was determined that the release of lipid during
digestion could be in part due to the breakdown of almond
particles in the digestive system.52 Results from the current
study provide evidence that some of this breakdown could
occur during gastric digestion.
The finding that almond particles broke down during the
gastric phase of digestion in the HGS is in contrast to the
results of Mandalari et al., (2014) who conducted in vitro diges-
tion of masticated almond particles using a dynamic gastric
model and reported no significant change in the particle size
distribution during digestion.15 However, the particles used by
Mandalari et al., (2014) (mean particle size ∼500 μm) were
smaller than those used in the current study (2–4 mm) and
thus may have been less susceptible to breakdown. This is sup-
ported by the results of Chen et al. who conducted in vitro
digestion using peanut particles of size 1–2 mm and reported
size reduction of particles initially larger than 1 mm.20 It has
been proposed that larger particles may be more susceptible
to breakdown in the gastric environment than smaller
particles.53,54 Overall, the results of the current study, Chen
et al.,20 and Mandalari et al., (2014)15 support this hypothesis,
and suggest that nut particles greater than roughly 1 mm in
size experience breakdown during in vitro gastric digestion in
models that simulate the mechanical motion of the human
stomach. In human digestion, gastric sieving results in the
selective retention of particles larger than roughly 1–2 mm in
the stomach.54,55 Gastric sieving has been reported during
in vivo digestion of almonds where the growing pig was used
as a model for the adult human.21,22 The results of the current
study suggest that nut particles greater than 1 mm can be
broken down by in vitro models which include simulated peri-
stalsis to a suﬃciently small size to resemble those that would
be emptied from the human stomach. This data could help
future researchers design in vitro models for testing hypoth-
eses related to gastric emptying, bioaccessibility, or satiety. To
do this, an increased understanding of the mechanisms of par-
ticle breakdown during gastric digestion will be essential.
The breakdown of particles in the current study can be
attributed to the peristaltic motion of the HGS, because par-
ticles in the shaking water bath model with simulated gastric
juice did not break down, or increase in size due to swelling.
However, it is unclear whether fluid shear, hydrostatic
pressure, or particle–particle grinding was responsible for par-
ticle breakdown in the HGS.53,56 Fracture of foods during mas-
tication has been previously reviewed,57,58 but investigating the
mechanisms of structural breakdown of solid foods in the
gastric environment could be a topic for future research. In
addition to particle breakdown, increased mixing of digesta
could also have led to led to the higher lipid bioaccessibility in
the HGS as compared to the shaking water bath models.
Stronger mixing of in vitro digestion systems has been found
by previous researchers to result in faster digestion kinetics.59
In the current study, mixing could have led to higher fatty acid
bioaccessibility by facilitating removal of lipolysis products
from the lipid–aqueous interface, improving the access of
lipases to triacylglycerol inside ruptured almond cells.
Previous research has proposed that the oil–water interface
can become crowded with products of lipolysis, particularly
monoacylglycerol and free fatty acid, which have a hydrophilic
and a hydrophobic moiety and self-orient around oil droplets
in a monolayer, hindering the adsorption of digestive enzymes
to the substrate.7,60,61 During almond digestion there are
additional amphiphilic species that could contribute to inter-
face crowding, for example phospholipids, which surround oil
bodies inside almond cells, as well as oleosins, endogenous
almond proteins that stabilize oil bodies.62 The flow of digesta
in the HGS could have helped remove these species from the
interface, increasing access of digestive enzymes to the con-
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tents of almond cells, and contributing to the increased fatty
acid bioaccessibility.
Previous researchers have constructed a mathematical
model for the bioaccessibility of fatty acids from almonds.6
The model assumed that almond particles were cubical with
known, constant size, that all fatty acids from the outermost
layer of cells became bioaccessible during digestion, and that
no fatty acids from interior layers of cells became bioaccessi-
ble. The model was defined as:
L ¼ 1
2
64
π2
d
p
 
 8 d
p
 2
þ 4
3
π
d
p
 3 
 100% ð2Þ
where L is predicted lipid bioaccessibility (% of initial), d is
the diameter of almond parenchymal cells (∼36 μm), and p is
the size of cubical almond particles. The model was evaluated
for p = 2 mm and p = 4 mm to reflect the smallest and largest
particles initially subjected to in vitro digestion in the current
study, and the predicted fatty acid bioaccessibility values were
5.7% and 2.9%, respectively. Total bioaccessible fatty acid at
the end of the gastric and intestinal digestion was 8.9% in the
HGS and 7.9% in the shaking water bath model with simu-
lated gastric juice. The slightly higher bioaccessibility values
measured in this study could be due to a partial contribution
of fatty acids from cells situated beneath the outermost surface
of almond particles.2,5 In the HGS, the model underprediction
can also be attributed to particle breakdown as discussed
previously.
Overall, the fatty acid bioaccessibility values found by the
current study and previous2,3,6,19 in vitro studies are in agree-
ment with the results of a study using human subjects, where
it was found that the absorption of fatty acids from almond
particles between 1.7–3.4 mm in size was approximately 10%,8
which is higher than the values predicted by the theoretical
model for particles of this size (6.7% for 1.7 mm particles and
3.4% for 3.4 mm particles). This underprediction could have
been due to the breakdown of almond particles during gastric
digestion by human subjects. Findings of the current study
suggest that particle breakdown can be simulated by dynamic
in vitro models, resulting in fatty acid bioaccessibility values
more comparable to the in vivo reality.
SEM images suggested that the surfaces of undigested
almond particles were coated in lipid bodies (Fig. 4B), whereas
particles digested in the HGS for 180 min (Fig. 4A) had rup-
tured cell walls and lost their intracellular lipid contents
during the digestion. Images of digested particles (Fig. 4A)
showed the presence of broken cell walls, similar to SEM
images of masticated almond particles obtained by previous
researchers.18 This suggests that during either mastication or
grinding in a food processor almond cells located on the sur-
faces of particles are ruptured, and their intracellular contents
contribute to bioaccessible lipids during digestion. In this
study, SEM images were used as a follow-up investigation and
showed that lipid bodies attached to the surface of almond
particles were removed during simulated gastric digestion in
the HGS. However, in-depth investigation of the lipid release
from almonds during digestion could be made using image
analysis techniques applied to SEM images. This is an oppor-
tunity for future work that has been suggested by previous
researchers.63
Another objective of the current study was to determine the
eﬀect of simulated gastric and intestinal juices on the bioac-
cessibility of fatty acids from almond particles. Due to the
recalcitrance of almond cells it has been proposed that only
fatty acids present in cells that are ruptured during mastication
or processing can become bioaccessible.17,64 However, it is not
clear whether fatty acids in ruptured cells can be simply
washed away from the solid particles in the presence of water,
or whether this release is aﬀected by simulated digestive
juices. This was investigated by conducting in vitro digestions
of almond particles in the shaking water bath model using
either simulated gastric and intestinal juices or with only pH
adjusted water. Results showed that fatty acid bioaccessibility
increased over time in the shaking water bath model with
simulated gastric and intestinal juices as well as in the
shaking water bath model with only pH-adjusted water (p <
0.01). Furthermore, at the end of the gastric phase of digestion
(180 min) there was no significant diﬀerence in fatty acid
bioaccessibility between the shaking water bath model with
simulated gastric juice (4.5%) and the shaking water bath
model with only pH-adjusted water (4.4%), p > 0.05. However,
fatty acid bioaccessibility at the end of gastric and intestinal
(360 min) digestion was higher for the shaking water bath
model with simulated gastric and intestinal juices (7.9%) than
for the shaking water bath model with only pH-adjusted water
(5.2%), p < 0.01. This suggests that fatty acid bioaccessibility
was not significantly aﬀected by the presence of simulated
gastric juice but was aﬀected by simulated intestinal juice.
This finding did not support the hypothesis that fatty acid
bioaccessibility at the end of the gastric phase would be higher
for the shaking water bath model using simulated gastric juice
than the shaking water bath model using only pH-adjusted
water. It suggests, however, that in this system fatty acids in
ruptured almond cells can become released under immersion
in water at gastric pH (1.8) as eﬃciently as in simulated gastric
juice.
The significant diﬀerence in bioaccessible fatty acid at the
end of the intestinal phase between the shaking water bath
model with simulated gastric and intestinal juices and the
shaking water bath model using only pH-adjusted water
suggests that intestinal juice aﬀects fatty acid bioaccessibility.
Additionally, models that used simulated intestinal juice
experienced a greater increase in fatty acid bioaccessibility
between the last timepoint in the gastric phase (180 min) and
the first timepoint in the intestinal phase (185 min). This
increase was 6.5% to 8.1% in the HGS, 4.5% to 6.5% in the
shaking water bath model with simulated gastric and intesti-
nal juices, and 4.4% to 5.0% in shaking water bath model
using only pH-adjusted water (Fig. 2). Although the jump in
fatty acid bioaccessibility at the beginning of the intestinal
phase cannot be attributed to any single component of simu-
lated intestinal juice, it cannot be attributed to a reduction in
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particle size. This is because there was no significant diﬀer-
ence in particle size or number of particles per gram of dry
solids between the last timepoint in the gastric phase
(180 min) and the first timepoint in the intestinal phase
(185 min) for any model. Thus, emulsification by bile salts was
likely responsible for the acute increase in fatty acid bioacces-
sibility at the start of the intestinal phase. This suggests that,
even at the end of the gastric phase, there was still some fatty
acid within ruptured cells or adhered to almond particles
which was not fully released into the aqueous digesta until
interaction with bile salts.
The fatty acids that were quantified in this study may have
important functional roles in vivo.65 Compositional data gath-
ered in this study indicated that 93% of fatty acids extracted
from almonds were comprised of unsaturated fatty acids
(71.7% oleic acid, 21.1% linoleic acid, ESI Table 1†). Results of
randomized controlled trials have suggested that individuals
adhering to diets including nuts or olive oil had reduced risk
factors for cardiovascular events.12,66 Furthermore, the high
ratio of oleic acid to linoleic acid in almonds could be desir-
able for some consumers, with preliminary evidence
suggesting that a higher ratio of oleic to linoleic acid is associ-
ated with reduced risk of obesity.67
Conclusions
Almond particles broke down in the HGS as evidenced by a
significant reduction in particle size and a significant
increase in the number of particles per gram of dry solids
during the gastric phase. Particle breakdown was attributed
to the peristaltic motion of the stomach as it did not occur
for in vitro models that lacked peristaltic motion. Fatty acid
bioaccessibility was greater in the HGS at the end of the
gastric phase than in the shaking water bath model when
identical simulated gastric juice was used, suggesting that
the change in particle size contributed to higher fatty acid
bioaccessibility. There was no significant diﬀerence in fatty
acid bioaccessibility at the end of the gastric phase between
digestions conducted in the shaking water bath with simu-
lated gastric juice and digestions in the shaking water bath
with only pH-adjusted water. However, fatty acid bioaccessi-
bility at the end of the intestinal phase was higher in the
shaking water bath model when simulated intestinal juice
was used than when the intestinal digestion was carried out
using only pH adjusted water.
Opportunities for future work include elucidating the
eﬀects of peristaltic motion on particle breakdown in the
gastric environment and determining in more detail the
mechanisms of fatty acid emulsification in the intestinal
phase of digestion. Overall, results of this study showed that
in vitro digestion of almond particles using a model with simu-
lated peristaltic contractions resulted in particle size reduction
and higher fatty acid bioaccessibility than in vitro digestion
using a model that lacked peristaltic contractions. Results
could assist in the design of future in vitro models for simulat-
ing human digestion as well as in the development of func-
tional foods for targeted fatty acid bioaccessibility.
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